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COOLING DIAGRAM

Present-day gas
Heavy element mass fraction < 2%
C*, O, CO, dust grains excellent radiators
Thermal eq. timescale « dynamical timescale
Typical cloud temperature = 10 K

Primordial gas
No heavy elements
H, He poor radiators for T < 10* K
Cloud evolves almost adiabatically..
.unless H, molecules can form




COOLING DIAGRAM

MAIN COOLING PROCESSES IN PRIMORDIAIL GAS

1. Radiative recombination

Thermal energy loss of recombining proton and electron due to photon emitted in the process
Recombinations to the lowest state lead to ionizing photons, hence net loss = (0
Total rate obtained by summing over all rates for levels with n >1 (Case B recombination).

2. Collisional 10nization
Thermal energy of electrons converted in ionization energy
0, =a (EB)!In (E/B) {1- b exp[-c (E/B-1)]} E=B =13.6¢eV

Total rate by integrating cross section over Maxwellian distribution

3. Bound-bound transition of hydrogen atom

Most important cooling process around 10,000 K; collisionally excited.
Emitted radiation energy equal to energy difference between two levels
Level population determined by excitation/de-excitation rates for each level

4. Thermal bremsstrahlung emission

Radiation due to acceleration of a charge in a Coulomb field

dE/dv dV dt = (16 meS /3V3 S mz2v) n,n, g,

Total rate by integrating cross section over Maxwellian distribution



COOLING DIAGRAM

PRIMORDIAL COOLING FUNCTION
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COOLING DIAGRAM

FUNDAMENTAL STAR FORMATION TIMESCALES

* Cooling time

= 3kT/ 2nA(T)

tcool

Free-fall time

y= (3m/32 Gp)”

Hubble time
t,=H!(z)
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COOLING DIAGRAM

COOLING BY HYDROGEN MOLECULES

1. Radiative cooling

Hydrogen molecules have energy levels corresponding to vibrational (10° K <T<10?K)
and rotational (T<10° K) transitions

Einstein’s A-coefficient much smaller (no dipole moment) — Absorption coefficient very small

Apy =ngy [ ny LwH( nT) +ny, L, "2, T)]

H-H, H,-H, collisional excitations

LEVEL POPULATION
De-excitation rate = Excitation rate

collisional o n? collisional
radiative decay o n

Critical density n collisional exc. rate = radiative decay rate

crit **

2
AHZ xn fOl" n< ncrit
AHZ xn fOl" n > ncrit
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COOLING DIAGRAM

H, COOLING FUNCTION
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COOLING DIAGRAM

COOLING BY HYDROGEN MOLECULES

2. Dissociation cooling/heating

Hydrogen molecules have lower potential energy than the state of two separated neutral H-atoms
H, molecules absorb the thermal energy of the colliding particle causing the dissociation

Ayiss = 7.16 x 10772 (dn,,/dt).  erg s'em™
Dissociation of H, molecules can occur via three main channels:

° Collisions with H" 1ons high ionization level
d Collisions with H atoms low ionization level
d Collisions with H2 molecules low ionization level

Heating (reverse process) occurs when H, molecules form in an excited state
If collisional de-excitation dominates over radiative decay (high n), energy transported into
gas thermal energy

r, =716xI10"7dn,/d), (1+n,/ny)"' ergsicm3 —> 0 forn«n,

orm



H, IN THE EARLY UNIVERSE

FORMATION CHANNELS

1. H Channel

H+e—=H +y
H+H—H,+*e

2. H," Channel

H+H —H, +y
H,"+H—H,+H"

* Dipole moment necessary to form H, in two-body reactions

* Require electrons or protons: ionization degree important

J
3. Three body reactions

SH—H,+H
2H+ H, — 2H, o Important at high n > 10% cm?, i.e. during prestellar collapse
4. Direct collision between excited H atoms

H(n=I) + Hn=2) = H,+y J * Important at z > 10° as CMB photons destroy H," and H
10



H, IN THE EARLY UNIVERSE

DISSOCIATION CHANNELS

1.

Impact with H/ H,

3H<H,+H or
2H+ H, < 2H,

Impact with H*

Hy + H<—H,+H"
2H<—H,"” +e

Impact with electrons

2H+e<H,+e

Photodissociation

H," < H,+y
2H +y< H,"

* T> 2000 K, lower T collisions not sufficiently energetic

* Important in hot (T>8000 K) and ionized gas

J » Always sub-dominant with respect to 2.

* Two step Solomon process; very important.
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H, IN THE EARLY UNIVERSE
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| Physical hint:
] thody OCn‘I x (] +Z)_3
ty o (1+2)37

RELIC ELECTRONS

xerel ~ 3 X ]0-4

RELIC MOL. HYDROGEN

V= 1% 107 < 100
~1.0x 107, 100 <z<250
=107 [(1+2)/250]"%, 250 <z

redshift log(1+z)
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H, IN THE EARLY UNIVERSE
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STRUGGLING FOR MORE H.

Dynamics

0 9 (a-sin a)?

h
(p) 2 (I - cos a)? were
I p>py =187 (p) then
Thermo/chemical evolution
d 3kT
— ——— =(p /PZ) ~A(Ty,)
dt 2um,
dy,

d_tl = Yky, + g Skyyiy oty

H, IN THE EARLY UNIVERSE

»: SPHERICAL COLLAPSE

T4 2w - sin ap/2n] 3

1 +z

p - pvir

Kns YmVn Vs
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ENOUGH FOR COLLAPSE ?

cool

10°

104

Tvir

102

107

COOLING DIAGRAM REVISED
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